I. INTRODUCTION
T HERE is a great need for a tool suitable for frequent mapping of large forest areas. Global forest biomass is one of the largest uncertainties in the current climate models [1] . An efficient tool for deforestation detection is needed for the implementation of international agreements [2] . Remote assessment of forest quality is also needed for biodiversity studies and commercial forestry.
Two important forest parameters are forest height and canopy density. In airborne lidar scanning, these parameters are often highly correlated with biomass [3] . Moreover, they can be also used for the assessment of forest quality, as well as deforestation detection.
Across-track interferometric synthetic aperture radar (InSAR) is a technique in which the scattering center elevation is measured from small phase differences between two SAR acquisitions made at slightly different incidence angles [4] . If a high-resolution digital terrain model (DTM) is available, which is the case in Sweden and many other European countries, the phase introduced by ground topography can be removed, and the remaining phase term is related to the scattering center elevation above ground, which is related to forest height and canopy density [5] . However, the inversion of these parameters from InSAR data is not trivial.
It has been shown that forest height can be estimated from C-, L-, and P-band fully polarimetric InSAR data using random volume over ground (RVoG) model inversion [6] - [8] . For single-polarized InSAR data, simplified versions of the RVoG can also provide estimates of forest height [9] - [11] . The RVoG models forest as a horizontally homogeneous volume, and there is no parameter directly related to the horizontal structure.
In the interferometric water cloud model (IWCM) [12] - [14] , the horizontal structure is modeled using canopy gaps. The IWCM has been mainly investigated for stem volume (and later biomass) retrieval, although forest height retrieval has also been studied [15] .
The scope of this letter is to introduce a model suitable for the estimation of both forest height and canopy density from a single ground-corrected InSAR complex correlation coefficient. The model is evaluated using single-pass X-band InSAR data acquired with the TanDEM-X twin-satellite system over a hemi-boreal forest in Sweden.
II. MODELING
The complex correlation coefficientγ is the main observable in an interferometric SAR system. For the two images s 1 and s 2 , it is defined asγ
where E[•] is the expectation value operator, and * is the complex conjugate operator.
In the case of TanDEM-X InSAR data, the temporal decorrelation over forests is negligible due to the almost simultaneous acquisition scenario [16] . Furthermore, assume that the signalto-noise ratio (SNR) and system decorrelation effects are small, images s 1 and s 2 have been filtered to the same 2-D frequency spectrum [17] , absolute phase calibration has been applied to remove phase offset, and complex multilooking has been applied to reduce phase and coherence estimation errors (see 1545-598X © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Section III-B). In that case, the main decorrelation effect is volume decorrelation, which can be modeled from the vertical backscattering profile σ v (z) using
where z is the vertical coordinate, and k z is the vertical wavenumber, which, for a bistatic system, is
where B ⊥ is the perpendicular baseline, λ is the wavelength, R is the average range to the satellites, and θ is the average angle of incidence.
A. Vegetation as Random Volume
A common way to solve the integrals in (2) is through the assumption of a known vertical backscattering profile.
In the IWCM [12] - [14] , vegetation is modeled as a volume of randomly oriented scatterers located above a ground plane and covering a certain fraction of the total area, which is called area fill factor [see Fig. 1(a) ]. The vertical backscattering profile is then an exponential function described by an attenuation coefficient. The total number of parameters needed for correlation coefficient modeling is five: volume height, ground height, area fill factor, attenuation coefficient, and a ground-tovolume backscatter ratio. Note that, in its full formulation, originally developed for stem volume estimation from repeat-pass ERS-1/2 interferometry [12] , [13] , the IWCM includes additional empirical functions and temporal decorrelation modeling.
In the RVoG model [6] , the gaps modeled by the IWCM are neglected [see Fig. 1(b) ], which limits the number of parameters to four. Possible further simplifications used in the past include neglecting the ground component, assuming known ground phase, or fixing extinction coefficient [9] - [11] . The main advantage of the RVoG is that it requires fewer parameters than the IWCM, but the canopy gaps are not modeled. There is, thus, no natural parameter, which can be used as an estimate for canopy density.
B. Vegetation as Scattering Levels
A different way to solve the integral in (2) is by simplifying it to a sum of a finite number of discrete scattering levels.
In the special case of two scattering levels, i.e., ground and vegetation, located at z = z 0 and z = z 0 + Δh, with respective backscattering coefficients σ where Φ 0 = k z z 0 is the ground phase, μ = ρ(1 − η)/η is the area-weighted (ground-to-vegetation) backscatter ratio, and
veg is the backscatter ratio. In the case of known Φ 0 , the TLM requires only two independent parameters describing the scene (μ and Δh) to model one ground-corrected complex correlation coefficient, and the inversion can be carried out without any additional data.
C. Influence of Baseline on Height and Coherence
Assuming Φ 0 = 0, the interferometric height is computed from the phase of (4) as
where n is an integer describing the phase ambiguity, and HOA = 2π/k z is the height of ambiguity for a bistatic system (maximal height that can be unambiguously resolved by the interferometric system). Likewise, the coherence is computed from the magnitude of (4) as
In Fig. 2(a) , the ratio h TLM /Δh is plotted against HOA/Δh for four different values of μ. Phase unwrapping has been performed to ensure continuity and that 0 ≤ h TLM ≤ Δh is satisfied for large HOA. The interferometric height is fairly independent of HOA if scattering at one level is significantly larger than at the other level (large or small μ). If μ is close to unity, scattering at both levels becomes equally significant, and an interference effect is observed for low HOA, i.e., when the phase difference between the two levels is large. In the case of dominant ground-level scattering, negative interferometric heights are obtained. In the case of dominant vegetation-level scattering, interferometric height exceeding Δh is observed. In both cases, the interference effect becomes weaker for HOA > 2Δh.
Coherence dependence on HOA is illustrated in Fig. 2(b) . Coherence is maximized when Δh is either close to HOA or much smaller than HOA. In the first case, the phase is similar at both levels during the integration in the numerator of (2) due to constructive interference of two adjacent periods. In the second case, the phase is similar because the phase of e ik z z changes very little between 0 and Δh, and e ik z z is virtually • 38 E), which is situated in southern Sweden, are used. Remningstorp features fairly flat topography with ground height varying between 120 and 145 m above sea level. The forest consists primarily of Norway spruce, Scots pine, and different birch species. The annual growth rate of the forest is about 10-20 cm, but it is neglected in this study as the study period covers only three growing seasons.
A. Field Plots and Lidar Data
A set of 32 circular 40-m radius plots is available for Remningstorp. Species-specific field data on biomass, tree number density, and tree height have been used together with field observations, optical SPOT-5 images, and lists with forest management procedures to assess the state of each plot at the time of each SAR acquisition. As a result of these procedures, a time line for the observed changes has been established, and four groups with significant difference in forest structure have been created. These groups are presented in Table I .
Three lidar metrics have been extracted from maps with 10 m × 10 m pixels provided within the BioSAR 2010 campaign [18] . These lidar metric are presented in Table II . As the lidar data have been collected in August 2010, which is before any harvesting procedures have been conducted within the plots, the reference data are not valid for the plots with seed trees and clear-cuts.
B. SAR and DTM Data
TanDEM-X (TDM) is a twin-satellite X-band (9.65 GHz) SAR interferometer in which acquisitions are made almost simultaneously [16] . Eight bistatic-interferometric VV-polarized TDM acquisitions made at low HOA in the ascending mode are available and used in this study (see Table III ). The nominal incidence angle is within the interval 41.2
• -41.7
• . The data have been divided in three groups according to the approximate HOA level: 35 m, 50 m, and 60 m (images 4 and 5, 1-3 and 6, and 7 and 8, respectively).
As ground reference, a DTM with a 2 m × 2 m grid posting and a mean height error lower than 0.5 m has been used [19] . Four plots are not covered by the two images from August 2011.
TDM data have been interferometrically processed according to [17] . The raw interferograms have been flattened in radar geometry using a linearly interpolated DTM and taking into consideration the quasi-bistatic acquisition geometry and satellite displacement between signal transmission and reception. A 5-m buffer zone has been added prior to plot-level averaging of the ground-corrected interferograms. The total number of looks has been estimated to 330 for image 1 (from 2011-06-04) and 430 for the remaining seven images. Absolute phase calibration has been done using ground reference points derived from a nonforest mask. No unwrapping has been found necessary due to the limited height variations in the flattened interferograms. Geocoding error and height measurement errors have been estimated using two 5-m trihedral corner reflectors situated within the test site. The geocoding offset has been found lower than 2 m, and the standard height estimation error has been found lower than 10 cm.
IV. MODEL INVERSION
For a fixed μ and Φ 0 = 0, the TLM is a circle in the complex plane, with its center in μ/(1 + μ), radius 1/(1 + μ), and passing through unity. Area-weighted backscatter ratio μ can be obtained from the complex correlation coefficientγ as
whereas level distance Δh can be found using (7) in (4), i.e.,
where n is an integer describing the ambiguity of the inversion; and Re [•] and Im [•] are the real and imaginary part operators, respectively. The 2π-ambiguity can be manually resolved by checking the most probable values in relation to the type of studied forest. For the data used in this study, n = 0 has been chosen in all cases. If μ and ρ are known, the area fill factor is η = ρ/(ρ + μ). Normally, the backscatter ratio ρ is not known. Assuming ρ = 1, i.e., equal ground and canopy backscattering coefficients, the uncorrected area fill factor η 0 can be obtained, i.e.,
V. RESULTS TDM interferometric height and coherence are plotted against H95 and VR, respectively, for all eight images and all available plots in Fig. 3 . Color coding has been applied for the different plot types and color shading for different HOA groups. A large variance of the interferometric height and a generally lower coherence can be observed for the sparse plots with H95 around 25 m and for plots with seed trees. This agrees well with the TLM predictions for areaweighted backscatter ratios μ close to unity (see Fig. 2 ). Both regular plots and clear-cuts show more predictable behavior with stable height estimates and a higher coherence. Note that the tallest sparse plot is also the densest of all sparse plots, and it shows similar behavior as the regular plots. For the regular plots, the correlation between TDM height and H95 is high, but an underestimation of 5-10 m is observed. Note also that a large coherence variability is introduced by the differences in the interferometric baseline.
As shown in Fig. 4(a) , finding Δh and μ limits to finding a circle in the complex plane. The ratio between the circle center position and its radius is equal to μ. The highest area-weighted backscatter ratio μ is thus obtained for clear-cuts, and the lowest is obtained for the regular dense plots. In Fig. 4(b) , TDM interferometric heights and TLM model curves are plotted against HOA. It can clearly be seen that, in cases when ground-and vegetation-level contributions are comparable, large variance of the interferometric height is to be expected, as in the cases of sparse pine plots and plots with seed trees.
Parameters Δh and μ inverted using (7) and (8) are plotted against H95 and VR in Fig. 5(a) and (b) , respectively, for all plots and acquisitions. It is concluded that Δh is a biased estimate of H95, but a better estimate of H50 (r ≥ 0.96, and root-mean-square difference σ is around 10% of the mean H50) [see Fig. 5(c) ]. Note that there is a HOA-dependent offset between the acquisitions. The area-weighted backscatter ratio μ does not measure the same property as VR, which is clearly shown in Fig. 5(b) . The uncorrected area fill factor η 0 is a better estimate of VR (r ≥ 0.59 and σ around 10% of the mean VR) [see Fig. 5(d) ]. However, a significant variance can be observed.
As observed earlier in Fig. 3(a) , plots with seed trees show low and highly variable interferometric heights. In Fig. 5 , it can be observed that a harvesting procedure in which sparse seed trees are left does not affect forest height inversion, while the inverted canopy density is lower. For clear-cuts, forest height inversion produces significantly biased results [see Fig. 5(a) and (c) ].
Since phase calibration has been done using open fields, the interferometric height for clear-cuts is close to zero, giving an almost real-valued correlation coefficient. However, coherence is between 0.8 and 0.9, mainly due to SNR and system decorrelation effects. TLM inversion does not provide reliable height estimates because the TLM cannot predict a real-valued correlation coefficient with coherence lower than 1 and low height. This is probably the main cause of the inflated Δh estimates for clear-cuts and the HOA-dependent offset.
VI. DISCUSSION
The interference effect modeled by the TLM and observed in the data for sparse plots and seed trees occurs when ground-and vegetation-level contributions are similar in strength. Whether this high ground-level contribution at X-band is an effect of dielectric penetration through the scatterers or penetration through canopy gaps has been discussed earlier, most recently in [20] , but it is still an open question. The results shown here hint that the inclusion of canopy gaps in modeling is useful, as the inversion provides a parameter that is related to canopy density.
The estimation of canopy density using the uncorrected area fill factor η 0 is based on the assumption that ρ = 1. Although this assumption appears to be valid for the studied X-band data, the influence of wavelength on ρ is expected to be strong, and the assumption will not hold at other frequencies. If an estimate of the area fill factor η is available, e.g., from lidar VR, ρ can be estimated from μ at scene or plot level and studied against parameters such as weather, season, and ground surface roughness. A better knowledge of ρ can then improve estimation of canopy density from μ.
The TLM in the presented form has been developed for VV-polarized data, and polarization dependence has not been studied. It has been shown in [11] that a difference in the interferometric height can be observed between HH and VV. Therefore, TLM inversion of HH-polarized data requires a separate study.
This study has been limited to InSAR data with low HOA (smaller than 65 m), for which there is a large variation of the interferometric phase between the two levels. However, TLM inversion is expected to work at larger HOA values as well, as long as volume decorrelation is the most significant decorrelation effect.
VII. CONCLUSION
In this letter, a two-level model (TLM) has been introduced and used for the estimation of forest height and canopy density from bistatic-interferometric VV-polarized TanDEM-X (TDM) data. With an access to the global TDM data, the presented approach can be used on large scale in countries where national high-resolution DTMs exist. Since the DTM is temporally stable in most forested regions, the presented approach requires only one DTM acquisition, and frequent mapping of forest height and canopy density can thereafter be carried out using a spaceborne SAR system such as TDM. The approach is therefore suitable for cost-effective mapping and monitoring of national forest resources. The HOA-dependent height estimation bias observed primarily for open fields and clear-cuts can be avoided through the inclusion of a coherence calibration step during InSAR processing, in which decorrelation effects such as SNR and system decorrelation are compensated for.
